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We now know that outer hair cells (OHC) nonlinearly comprésdynamic range of basilar
membrane motiof®27 and the neural responie extending the otherwise limited dynamic
range of the inner hair cell (IHC) resporfd€ This role of the OHC may be quantified using
many objective measurekoudnessmeasured by Fletcher and Munsordoudness balance
method, shows a 1/3 power law compressive function of iitieifise., Stevens’ Law). This
dynamic loudness compression is provided by normal OHCiiamE Recruitmentesults when
there is loss of this compression, as when OHCs are darA&d@d:*4 Masking patterns
provide a psychoacoustic measure of cochlear nonlineafihe OHC compression show up
in the 1923-1924 masking growth curves of Fletdfieand Wegel and Lari® as theupward
spread of maskingThe elevated tails of tuning curves are also evident in fheaud spread

of masking data as the elevated threshold. These maskiagtat seem very similar two—
tone suppressioresults. '3 Otoacoustic emissionsSEFOAEsand DPOAES$ are an objective
measure of the OHC nonlinear compress$idshall connect these physical and psychoacoustic
measures using a cochlear model whose basilar membranegiivigss is signal dependent
as a result of a dynamic change in BM radial tension by therduatie cells’® According to this
nonlinear model, as the signal intensity increases, the &dliaf tension decreases, resulting
in a decreased local BM stiffness, and therefore a basalafhifie BM and neural excitation
patterns (EP) by up te:1/2 octavé. This EP shift shows up in basilar membrane velocity data,
cochlear microphonics, neural “revcor” functions, simakous and forward masking patterns,
two-tone suppression data, and noise trauma studies. \Whesigep apical (low—pass) slope
of the low—loss BM traveling wave shifts across the basalhpass) response of the tectorial
membrane transfer functiérf,® a narrow—band neural-like compressed tuning results. The
resulting CF sensitivity is compressive, with a power—heidth (ERB) that is approximately
independent of intensity, consistent with tirétical ratio measure of Fletcher (1938), Egan and
Hake (1950§5-17-12:4 as well as some more recent animal data. Thus OHCs play amtanpo
and quantifiable role in loudness, neurosensory hearirgy foasking, two—tone suppression,
and OAEs.

1 Introduction

Our understanding of the auditory system’s large 120 dB dynamieriarfgndamen-
tally incomplete. For examplegcruitmenf the most common form of neurosensory
hearing loss, is best characterized as the loss of dynamic ¥ahg&ecruitment re-
sults from outer hair cell damadfeTo successfully design hearing aids that deal with
the problem of recruitment, we need models that improve our understantihow
the cochlea achieves this dynamic range.

| shall begin by showing that the dynamic range of the IHC must ke thesn
65 dB (in fact it is probably less than 50 dB, but | can not prove thid)is Taises
the questionHow can the basic cochlear detectors (the IHCs) have a dynamic range
of less than 65 dB, and yet the auditory system has a dynamic ran@dafB?A
great deal of indirect evidence shows that this extra dynamic rangesrésutt me-
chanical nonlinear signal compression provided by outer hair cells. Thipression
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shows up in auditory psychophysics and in cochlear physiology in magg.wn this
paper we summarize some of the basic relationships between the OHC avabsvari
psychophysical measures to explaevOHCs extend the IHC dynamic range.

2 The Dynamic Range Problem

The question of dynamic range in the auditory system is a long stgrptoblem.
Previously this question has been raised in the context of both thve ©eil and
the synapse. | am raising the same question, but presynaptically,esitiect to the
IHC’s transmembrane voltage, which is limited at the high end by the ofeuit
voltage seen by the cell, and at the low end by the membrane Johnson ribiskean
Brownian motion.

It is argued here that the main function of the OHCs is to solve thisleach
dynamic range problem. This argument consists of showing that tiee hmair cell
transmembrane voltage dynamic range (i.e., the cell's functional rasdess than
65 dB. From estimates of (a) the RMS Johnson (thermal) noise voltadébathe
maximum available signal voltage across the hair cell membrane, we may trmind
IHC transmembrane voltage dynamic range. If the dynamic range in acintstn-
sity is greater than the dynamic range of the IHC detectors, one musudenttiat
the signal driving the IHC detectors is compressed. Many studies Hawéfied the
OHC as the source of the this compression, starting with the spemdaif Lorente
de No in 19372 following the discovery of loudness recruitment.

The RMS transmembrane thermal Johnson noise voltagé the IHC is given
by
o0 1 kT
o1+ (27rfRC)2df T Cr @

whereR is the membrane leakage resistance @rtie membrane capacitance. The
IHC capacitance has been found to be about®.@y Kros and Crawforé’. From
Eqg. 1,V. =21.1uV RMS at body temperaturé  1.38x 10~2% Joule/degree-Kelvin,
T = 310 K).

The maximum open circuit DC voltage across the cilia is about 120 mV. The
maximum change in cell voltage that has been observed is 30 mV RMS (Russell,
personal communication). The ratio of 30 mV to the noise floor voltags, 21.1
V), expressed in dB, is 63 dB. The maximum dynamic range in sigreaigitly of the
auditory system is approximately 120 dB. This leaves about 57 dB afrdigrange
unexplained. We conclude thiiere must be nonlinear compression (level dependent
gain) built into the mechanics of the cochleeaccount for the large acoustic dynamic
range. Since the discovery of loudness recruitment it has been suspectédbsttiat i
job of the OHCs to provide this compresstén?® The real question before us M/hat
is the chain of events that leads to the stimulus compression seka byGs?

Estimate of the Cilia Displacement at the Hearing Threshold. Russellet al.have
estimated thén vitro sensitivity of the mouse culture hair cell as 0.4 mV/nm, or 30
mV/degree of angular rotation of stereo cifiaAssuming a thermal noise floor of 20

V2 =2kTR /
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Table 1: Estimates of various cochlear measures at 0, 60,2dB SPL at 1 kHz. The BM displacement
data is from Nutta#> and is at 18 kHz. Column “SLOPE (dB)” shows the dB ratio of tiyaamic range
of the “MEASURE" to the dynamic range of the sound intensity.

MEASURE (UNITS) THRESHOLD — MAXIMUM  SLOPE (dB)
Power (Watts/crf) 10-16 10710 1077

Intensity (dB-SPL) 0 60 120

Stapes displacement (nm)  0.001 1 1000 1
BM displacement (nm) 0.2 7 ? 0.61
Cilia displacement (nm) 0.05 1.1 <50 (1) 0.5
IHC voltage (mV) 0.02 0.67 30 0.53

uV RMS, the IHC displacement sensitivity of the cell at the thermal-nttiseshold
is 0.05 nm. Given that 1 degree of cilia displacement corresponds to 3@ eika
displacement of more than a degree would drive the cell into saturatiwhyould
likely rupture the delicate structures of the cilia transduction channlsummary
of dynamic level estimates of the stapes, basilar membrane, cilia displace et
IHC RMS voltage levels, is provided in Table 1.

The conclusion that the OHCs must be compressing the dynamic rarge of
IHC’s excitation signal (e.g., the TM—RL shear) is further suppobiedasilar mem-
brane velocity measurements which show a nonlinear growth of responseveio
there are several problems. While the BM data show compression, thigression
is different in many ways from that of the IHC excitation signal. Faareple, recent
two—tone BM suppression results have been found to be quiteefiffélom the cor-
responding neural measutég-urthermore the bandwidth (ERB) of the BM signal
is not in agreement with detection experiments of tones in wide band mzisgely
critical ratio experiments of Fletcher and others. In this paper we shdtbrexpld
psychophysical data with new insights.

3 Tone-on-Tone Masking

In 1923 Fletchel! and 1924 Wegel and Laf%described the first detailatarrow—
bandtone masker, tone maskeerfe—on—tone maskihgimultaneous masking data
for masker frequencief,, between 0.25 and 4 kHz and intensities between 0 and 85
dB SL. These data provided a very basic measure of the hearing procesghitet,
frequently verified, is not understood to this day. When we explairetin@asking
data, we will better understand the role of the OHC compression. &ifwhows
masking level curve3/(fp, fm, Im) for a f,, = 400 Hz masker, witty, as the pa-
rameter. The masking is defined &5 = I;;/I,ef. Thex on I indicates thaf), is at

the detection threshold. The intensfty; = I, is the threshold intensity of the probe
when the masker is off, = 0). These data follow a power—law intensity dependence
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MASKER AT 400 HZ

Figure 1: Tone-masking—tone data
from Fletcher (1923) and Wegel and

Lane (1924) for a masker at 400 Hz.

The dashed lines correspond to probe
frequencies between 0.25-0.45 kHz,
while the solid lines correspond to

probe frequencies of 1-4 kHz. The

masking between 0.4 and 0.45 kHz is
proportional to the masker level (i.e.,

the slope is close to 1). For 2, 3,

and 4 kHz there is a threshold ef-

fect between 55-65 dB SL. For these
frequencies the slope is greater than
1. For probe frequencies below the
masker the slopes change with level,
but is always less than 1.

MASKING (dB)

@
&

of the threshold probe intensity on the masker intensity, namely

L. Im>” 5
Iref (d Iref ’ ( )

with an exponent that systematically depends on the relative frequency between the
masker and the probe. There are three basic regions of masking patteespood-
ing tocritical-band maskingf, ~ f.,), thedownward spread of maskirfg, < f..),
and theupward spread of masking, > fn). For probes higher in frequency than
the masker frequency, the exponenis much greater than 1. For probes lower in
frequency than the masker frequency, the exponent is less than 1. Wherokee
and masker are within the critical band, the exponent is close to 1.

Critical-Band Masking. For probe frequencies near the masker frequency of 400
Hz the masking is approximately characterizetreear in intensity*® For example,

at f, = 0.45 kHz (dash-dot line in Fig. 1) the masking curve is well appnated by

the linear relation£ = 1, 38 = 1/40)

L(fplm) 1

AT (©)

for I,,, greater than about 25 dB SL, as indicated by the dotted line superimposed on
the 0.45 kHz masking curve. Equation 3 is similar to Weber’s Law f@gNextended
to the case of masking (i.eAl = I;).

While the “linearity of masking” seems to be a trivial empirical obsepratit is a
surprising result. It is not obvious, at first glance, why the magkhmould be propor-
tional to intensity. When the probe is added to the masker withiniaaribandwidth,
the basilar membrane motion signals add (e.g., two sin waves beat) veloie re-
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ISO-MASKING INTENSITY at: 15, 25, 35, ..., 85 (dB)

70+
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Figure 2: When the data of Fig. 1is g
plotted as masking patterns, we see thegw
upward spread of masking as well as 3
the 1/2 octave shift in the frequency of =3z

greatest masking.

20
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sponse level of the basilar membrane motion, the neural response eargs$tiiting
loudness are all compressive—nonlinear functions of level. In fact teeraétion
summarized by Eq. 3 inspired the famous JND experiments of Riesz Y ¥9#&h
were the first to show that, for tones, the exponent is not exacthyel ‘ftear miss” to
Weber’s law).

Below about 60 dB-SL the masking is greatest near the masker frequency. At 6
dB-SL the masking curve corresponding to the 1000 Hz probe fregueosses the
450 Hz curve, as the frequency of maximum masking shifts to higherdremes. At
80 dB-SL the probe frequency corresponding to the maximum maskiaigout 1.5
octaves above the masker frequency. This is more easily seen in Fig. 2thvbelisga
of Fig. 1 have been plotted as iso-intensity contours (nasking patternjs

We conclude thathe excitation pattern (EP) shifts toward the base as the inten-
sity is raised.Based on model studies, the most likely explanation for the EP shift i
a BM stiffness change with levef. These studies showed that the IHC compressive
nonlinearity can be also be explained by a dynamic BM stiffness, asgutimntec-
torial membrane acts as a high—pass filter. We extend this model by adelfage’s
assumption that the dynamic radial BM tension controls the BM st due to a
signal dependent dynamic OHC stiffness or length change.

The Spread of Masking. As may be seen from Fig. 1 (solid lines) for thpward
spread of maskingase {, = 2-4 kHz> f,, ), the onset of masking is abrupt at
about 55-65 dB£ = 10~°%) and has a slope (on log-log scales)of 2.4, that is

Iy In) _ (10_6 In >‘*
Iref Iref ’

This expression is shown in Fig. 1 as the dotted line, superimposte® kHz probe
curve. This steep slope is loosely referred to asupmeard spread of maskingrhe
expansive power—law exponentof 2.4 must depend on the the basilar membrane
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compression at the masker frequency, independent of the probe fregiyehegause
the high frequency probe excites the basal “tail” region of the EP wiherdasilar
membrane response is approximately linear. It logically follows thea¢Kponent =
2.4 must be the reciprocal of the basilar membrane compression exponéhy{
1/2.4) at the masking frequency’s characteristic place.

For thedownward spread of maskiragse f, < f,,.) (dashed lines), the growth
of masking is a compressive power law € 1) with an exponent that depends on
intensity as well as probe frequency. In this case there is no clear “thdilffelct, as
there is in thef, > f,, case. For this case Eq. 2 is not as useful a representation since
x depends on all the variables. The amount of masking depends on the steep apical
slope of the masker excitation pattern and its spreading into therregite probe.
From Fig. 1, as the masker level is raised, the masking is less than bepiedicted
by a linear & = 1) growth of masking. From Fig. 2, as the intensity of the masker
is increased, the masker excitation pattern shifts away from the lowsitygrrobe
masking pattern, reducing the relative masking. As the probe inyarsithes higher
levels, its masking pattern also begins to shift toward the base, gpagymptotically
to a linear growth of masking at higher levels.

Forward Masking and Two—Tone Suppression. The shift in the excitation pattern
is confounded by the fact that both the probe and masker are on simulsindsthe
basal shift in the EP still seen at high levels for forward masking?afsever to this
is yes, as was first shown by Munson and Gardner in 19860d later by Lutft? Data
from these papers clearly show that the 1/2 octave shift in the EP dbdspend on
the probe and masker being present simultaneously and provide dataathatlow
us to estimate the release time of the BM stiffness change.

Two-tone suppression has many properties in common with the maskiagf
Fig. 1. For example, when the suppressdrigherin frequency than the suppressed
(CF) probe, the suppression growth is shallow (i.e., weak), ané&ept at low levels.
This case is similar to the low frequency probes of Fig. 1. When thprespor is
lowerin frequency, the suppression growth is steep (i.e., strong) andthesshaold at
about 55-65 dB SPL3:! It seems that the explanation given in this paper for masking
also applies to two—tone suppression.

Summary. It appears that cochlear compression and the shifting excitation pattern
are both related to normal OHC function. To shift the EP, the OH@&s8E or length
change must change the BM stiffness. If the BM stiffness is determinéugradial
tension in the BM, as proposed by Fletchieand LePagé, then a local change in

the BM tension would change the local BM stiffness, and therefore theuBiimg®

This would result in a shift of the excitation patterns with intensis observed in the
masking pattern data.
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